Precise balance between phosphorylation, catalyzed by protein kinases, and dephosphorylation, catalyzed by protein phosphatases, is essential for cellular homeostasis. Deregulation of this balance leads to pathophysiological states that drive diseases such as cancer, heart disease, and diabetes. The recent discovery of the PHLPP (pleckstrin homology domain leucinerich repeat protein phosphatase) family of Ser/Thr phosphatases adds a new player to the cast of phosphate-controlling enzymes in cell signaling. PHLPP isozymes catalyze the dephosphorylation of a conserved regulatory motif, the hydrophobic motif, on the AGC kinases Akt, PKC, and S6 kinase, as well as an inhibitory site on the kinase Mst1, to inhibit cellular proliferation and induce apoptosis. The frequent deletion of PHLPP in cancer, coupled with the development of prostate tumors in mice lacking PHLPP1, identifies PHLPP as a novel tumor suppressor. This minireview discusses the structure, function, and regulation of PHLPP, with particular focus on its role in disease.
Structure
The PHLPP (pleckstrin homology domain leucine-rich repeat protein phosphatase) enzymes are novel members of the protein phosphatase 2C (PP2C) 3 grouping in the protein phosphatase metal-dependent (PPM) family of Ser/Thr phosphatases (1) . The catalytic core of PPMs has a signature set of conserved Asp residues that coordinate Mg 2ϩ or Mn 2ϩ , metals required for catalytic activity (2) . Like other PPMs, but in contrast to the more abundant and better characterized PPPs (phosphoprotein phosphatase), PHLPP contains regulatory modules within the same polypeptide as the phosphatase domain. The PHLPP family comprises three isozymes, the alternatively spliced PHLPP1␣ and PHLPP1␤ (also referred to as suprachiasmatic nucleus circadian oscillatory protein (SCOP) (3) ) and PHLPP2, a separate gene product. All three isozymes share a similar domain structure (Fig. 1A) : an N-terminal PH domain, a leucine-rich repeat (LRR) region, a PP2C phosphatase domain, and a C-terminal PDZ-binding motif. In addition, both PHLPP1␤ and PHLPP2 have a predicted N-terminal Ras association domain that is not present in PHLPP1␣. The PH domain contains only the middle Arg of the RXRSF motif required for phosphoinositide binding and, as such, is a weak membrane-binding module (4) . The PDZ ligands are type 1 PDZ ligands (TPL for PHLPP1 and TAL for PHLPP2). PHLPP is evolutionarily conserved, with the PH domain and PDZ ligands being later additions. Curiously, the yeast homolog, Cyr1, is fused to the N terminus of adenylate cyclase (5) .
Function
Based on the reasoning that so many players in the Akt/PKB pathway have a PH domain (notably Akt itself and its upstream kinase, PDK1), a rational search of the NCBI database was performed to identify a gene predicted to encode a PH domain and phosphatase (6) . This led to the discover of PHLPP, which was shown to dephosphorylate a key regulatory site on the C terminus of Akt, the hydrophobic motif, and thus inactivate the kinase (6) . PHLPP was subsequently shown to serve as the hydrophobic motif phosphatase for three AGC kinase family members, Akt, PKC, and S6K1 (ribosomal protein S6 kinase 1).
The AGC kinase family mediates an array of important cellular functions, and their dysregulation is strongly associated with the pathogenesis of many human diseases, most notably cancer (7) . A common property of many AGC kinases is that their activation is induced by phosphorylation at two conserved segments: 1) the activation loop, which is phosphorylated by PDK1 and required to correctly align residues for catalysis, and 2) a C-terminal segment with two phosphorylation sites named the "turn motif" and the "hydrophobic motif." Phosphorylation at both segments is necessary for maximal activation of these enzymes (8) . Signal transduction by the AGC kinases is opposed by cellular phosphatases that dephosphorylate these enzymes, leading to their inactivation.
Initial studies identified PHLPP as a hydrophobic motif phosphatase, unveiling a new player to oppose prosurvival signaling pathways. Both PHLPP1 and PHLPP2 selectively dephosphorylate the hydrophobic motif site of Akt isozymes, PKC isozymes, and S6K (6, 9, 10) . In the case of Akt, dephosphorylation of this site (Ser-473 of Akt1) reduces its intrinsic catalytic activity, leading to increased apoptosis and decreased proliferation (6, 11) . In the case of PKC, dephosphorylation of this site (Ser-657 of PKC␣) destabilizes PKC and shunts it to degradation pathways. In the case of S6K, dephosphorylation of the hydrophobic motif (Thr-389) reduces its activity, with the functional consequence of reducing protein translation (12) . This selectivity for the hydrophobic motif may reflect unique interactions of the motif with the substrate-binding cavity of the phosphatase domain; molecular docking revealed that the signature Phe at the PϪ1 position of the motif is accommodated in a hydrophobic pocket (brown residues in Fig. 1C ) (13) . Thus, PHLPP terminates signaling by three AGC kinases by selective dephosphorylation of their hydrophobic motif.
Another substrate that PHLPP dephosphorylates to inhibit cell survival is Mst1 (mammalian sterile 20-like kinase 1) (14) . The Mst1 signaling pathway is a critical regulator of cell survival, and it is frequently inactivated in tumorigenesis (15) . By binding to and dephosphorylating Mst1 at an autoinhibitory site (Thr-387), PHLPP activates the Mst1 signaling pathway, leading to activation of the downstream pro-apoptotic MAPK pathway (14) . Therefore, the antiproliferative and apoptosisinducing effects of PHLPP are mediated not only through the inactivation of the Akt/PKC prosurvival pathways but additionally through the activation of Mst1-controlled pro-apoptotic pathways.
Protein interactions mediated by the regulatory modules on PHLPP likely play a determining role in dictating substrate specificity. The ability of PHLPP to dephosphorylate PKC is dependent upon the PH domain, as deletion of this domain results in increased PKC levels (9) . In contrast, the ability of PHLPP to properly regulate Akt depends on an intact PDZbinding motif, as deletion of the four amino acids delineating this motif greatly impairs the ability of PHLPP to terminate Akt signaling (6) . Furthermore, knockdown of PHLPP1 and PHLPP2 revealed isozyme-specific interactions with individual Akt isozymes that regulate their activity toward downstream substrates (11) . Specifically, PHLPP1 controls the activity of Akt2 and Akt3 (but not Akt1), and PHLPP2 regulates Akt1 and Akt3 (but not Akt2). As a result, the PHLPP family constitutes a unique signaling axis that regulates both the amplitude and direction of Akt signaling.
A number of protein scaffolds that serve as signaling platforms to direct downstream signaling by PHLPP have been identified recently. PHLPP has been shown to be targeted to Akt through interaction with three distinct scaffolding proteins, FKBP51 (FK506-binding protein of 51 kDa) (16), Scribble (17) , and NHERF1 (Na ϩ /H ϩ exchanger regulatory factor 1) (13) . Leu-1016, which is present as Ser in 30% of the population, is highlighted in blue. C, surface rendition of the active site of PHLPP2 docked with a phosphorylated hydrophobic motif peptide from Akt (HFPQFpSYSAS; with phosphorylated Ser (Ser-473) in red and underlined hydrophobic residues in cyan). Active site residues and Mn 2ϩ are colored as described for B. The alignment of hydrophobic phosphorylation motif sequences of PKC␤II, Akt1, and S6K1 is indicated.
(18), all of which enhance the ability of PHLPP to dephosphorylate Akt by co-localizing the two enzymes. Additionally, overexpression of the membrane proteins Scribble and NHERF1 forces the relocalization of PHLPP1, which is normally localized primarily in the cytosol, to the plasma membrane. Using both purified proteins and immunoprecipitation studies, it was determined that the PDZ-binding motif of PHLPP1 and PHLPP2 is necessary for their interaction with NHERF1. Specifically, PHLPP1 binds to both PDZ domains of NHERF1, whereas PHLPP2 binds primarily to PDZ2 of NHERF1. In contrast, the interaction between PHLPP1 and Scribble is independent of the PDZ-binding motif of PHLPP1 but is lost upon deletion of the entire C-terminal region. These scaffolding proteins are commonly lost in tumorigenesis, resulting in the impaired ability of PHLPP to terminate Akt signaling, thus promoting cell survival and, importantly, resistance to chemotherapy. Thus, poising PHLPP near its substrates through scaffolding interactions is crucial for its cellular function.
In addition to its influence on cell survival, PHLPP is involved in a diverse array of physiological processes, including the circadian rhythm, memory formation, and T cell development. PHLPP1␤ was identified by Shimizu et al. (3) and originally termed SCOP because mRNA levels were demonstrated to oscillate in a circadian manner, suggestive of a role in controlling the central clock. Subsequent studies by Sassone-Corsi and co-workers (19) determined that in response to a light-induced phase shift, PHLPP1
Ϫ/Ϫ mice display delayed shortening of circadian period length (tau) and impaired capacity to stabilize the circadian rhythm. Additionally, in neuronal cell systems, PHLPP1␤ was reported to bind the nucleotide-free form of K-Ras, through interaction within the LRR region of PHLPP1, to prevent GTP binding to K-Ras and ultimately diminish signaling through the MEK/ERK pathway (20) . Consequently, overexpression of PHLPP1 in the hippocampi of mice reduces ERK1/2 signaling, which has been reported to inhibit cAMP response element-mediated transcription and impair longterm memory formation (21) . These findings implicate a role for PHLPP in maintaining neural plasticity and in resetting the circadian clock in response to changing stimuli.
Through their opposition of Akt, PHLPP isozymes also serve a critical role in the development and function of regulatory T cells (Tregs) (22) . Inactivation of Akt is known to be a functional requirement of Tregs, and both PHLPP1 and PHLPP2 mRNAs are significantly up-regulated in Tregs compared with conventional T cells. Knockdown or genetic deletion of PHLPP1 results in the activation of Akt, an effect that dramatically impairs the development and function of Tregs. Interestingly, stimulation of conventional T cells with the immunosuppressive cytokine TGF-␤ enhances Smad3 binding to the PHLPP1 promoter and induces PHLPP1 expression, indicating that upregulation of PHLPP1 may be a critical aspect of the Treg developmental program.
Although the majority of the existing research on PHLPP has focused on its opposition of Akt and other prosurvival signaling pathways, there is growing evidence that PHLPP is a central player in a broad range of cellular processes. Unlike the majority of protein phosphatases, PHLPP contains multiple regulatory domains, which raises the possibility that it can control various effectors through mechanisms independent of its phosphatase activity. Further study will likely reveal novel interacting proteins and unique functions for the PHLPP isozymes.
Regulation
Maintenance of PHLPP activity and expression is crucial to sustain cellular homeostasis in response to various stimuli and to preserve the balance between cell survival and apoptosis. Thus, understanding how the stability and activity of PHLPP are regulated is an important area of research.
PHLPP regulates hydrophobic motif phosphorylation in both the absence and presence of growth factor stimulation (6, 11) , suggesting constitutive phosphatase activity. However, whether the intrinsic catalytic activity of PHLPP is acutely modulated by agonist stimulation is largely unknown. Given the large number of predicted phosphorylation sites, it is likely that future studies will unveil multiple mechanisms for agonistdependent regulation of activity or subcellular location of PHLPP.
Interestingly, PHLPP2 activity is highly sensitive to a common polymorphism affecting 30% of the human population: a single amino acid change (Leu-1016 to Ser) (Fig. 1B) within the phosphatase domain of PHLPP2 reduces its rate of dephosphorylation of Akt and PKC by ϳ5-fold in vitro, thus rendering it ineffective toward Akt and PKC in cells and reducing PHLPP2-dependent apoptosis (23) . Whether this polymorphism predisposes to cancer is unclear; however, it is noteworthy that in three of three heterozygous patients with high-grade breast cancers, the Leu variant (active toward Akt and PKC) was shown to be lost in the tumor. This residue is situated in the predicted substrate-binding cleft of PHLPP2 (Fig. 1B) , suggesting that the less abundant Ser variant has a lower affinity for substrates such as Akt and PKC.
Recent drug discovery efforts using chemical and virtual screening methods have identified small molecules that specifically inhibit PHLPP at micromolar concentrations (13) . These compounds are selective for PHLPP compared with other PP2C family members, including PP2C␣. Biochemical and cellular assays demonstrated that the two most promising compounds, which are structurally diverse, effectively inhibit PHLPP in vitro, increase Akt signaling, and prevent etoposide-induced apoptosis in cells. Furthermore, molecular modeling of the phosphatase domain of PHLPP2, based on the structure of PP2C␣, identified several residues that are likely to be important for its catalytic activity (Fig. 1B) . This molecular modeling suggests that two Mn 2ϩ ions bind the active site and are coordinated by Asp-806, Glu-989, and Asp-1024 (13) . The identification of PHLPP-specific inhibitors provides a powerful tool to enhance the understanding of PHLPP at the molecular and cellular levels and provides leads for potential therapeutic application.
In recent years, our knowledge of the mechanisms controlling PHLPP expression levels has greatly improved. At the translational level, PHLPP1 and PHLPP2 expression is controlled by way of mammalian target of rapamycin (mTOR)-dependent protein translation (24) . Specifically, pharmacological or genetic inhibition of mTOR activity reduces PHLPP expression via S6K and 4E-BP1, as expression of constitutively active, rapamycin-insensitive S6K or knockdown of 4E-BP1 is sufficient to overcome the ability of mTOR inhibition to reduce PHLPP expression. This finding has broad implications because physiological stimuli such as amino acid availability and glucose levels are known to affect the activity of mTOR (25) and, in turn, influence the steady-state levels of PHLPP.
PHLPP expression is also controlled at the protein level through multiple degradation pathways. First, a study examining the role of PHLPP1␤ (SCOP) in the regulation of MAPK signaling demonstrated that an increase in intracellular Ca 2ϩ causes a rapid reduction in the cellular levels of PHLPP1␤ (21) . It has been established previously that a class of proteases, calpains, is activated in the presence of Ca 2ϩ (26) . Purified calpains induce the proteolysis of PHLPP1␤ in vitro, and pharmacological inhibition of calpains was reported to cause a significant increase in steady-state levels of PHLPP1␤. These findings suggest a role for calpain-mediated proteolysis in regulating the steady-state levels of PHLPP1␤ in neurons. Second, PHLPP1 levels are modulated by proteasomal degradation. Recent work by Gao and co-workers (27) identified PHLPP1 as a proteolytic target of ␤-transducin repeat-containing protein (␤-TrCP), an E3 ligase that serves as the substrate recognition subunit in the SCF (Skp1/cullin 1/F-box) protein complex. Specifically, phosphorylation of PHLPP1 by casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK-3) at multiple residues within its PP2C domain generates a phosphodegron motif that promotes PHLPP degradation. CK1 constitutively phosphorylates PHLPP1, an event that is essential for subsequent phosphorylation by GSK-3 at Ser-847. Upon phosphorylation by both CK1 and GSK-3, PHLPP1 is recognized and bound by ␤-TrCP, polyubiquitinated, and degraded by the 26 S proteasome. Importantly, it has been established previously that the activity of GSK-3␤ is impaired upon phosphorylation by its upstream kinase, Akt. Thus, Akt stabilizes its negative regulator, PHLPP1, resulting in a negative feedback loop through which PHLPP1 serves to dampen Akt signaling. Proteasomal degradation is largely responsible for the basal turnover of PHLPP1, as 1) inhibition of Akt, CK1, or GSK-3, 2) siRNA knockdown of ␤-TrCP, or 3) mutation of the Ser/Thr phosphodegron sites on PHLPP1 to Ala results in a marked increase in PHLPP1 stability. Furthermore, an inverse correlation between PHLPP1 and ␤-TrCP levels was observed in colon cancer cell lines, suggesting that high levels of this E3 ligase correlate with the low level of PHLPP1 often associated with tumors.
A screen of the NCI60 panel of tumor cell lines identified a subset of tumors in which the negative feedback loop between Akt and PHLPP1 is lost (28) . Specifically, the cellular levels of PHLPP1 are insensitive to manipulation of Akt activity in highgrade glioblastoma (GBM) cell lines. Cellular fractionation revealed that in astrocytoma cell lines and normal brain tissue, ␤-TrCP1 is predominantly cytoplasmic, whereas in GBM cell lines and patient-derived tumor neurospheres, ␤-TrCP1 is confined to the nucleus and thus spatially separated from PHLPP1, which is cytoplasmic. As a result, in GBM, although PHLPP1 is properly phosphorylated by upstream kinases, it can no longer interact with ␤-TrCP1, and PHLPP1 levels are no longer sensitive to Akt activity. Consistent with this, reintroduction of ␤-TrCP1 to the cytosol of GBM cells is sufficient to restore the ability of Akt to control PHLPP1 levels. This study indicates a novel mechanism for the dysregulation of PHLPP1 levels, as well as other SCF ␤-TrCP substrates, in cancer. Interestingly, PHLPP1 mRNA levels were consistently reduced in a majority of the GBM cell lines tested compared with low-grade astrocytomas, suggesting that dysregulation of PHLPP at the transcriptional level may be responsible for promoting Akt signaling in this disease.
Inhibitors of the mTOR and PI3K/Akt signaling pathways have shown promise as a therapeutic strategy in the clinic and are the subject of a great deal of anticancer research. However, as an off-target effect, we note that the use of these inhibitors may decrease PHLPP levels and, as a result, promote survival signaling through Akt, PKC, and Mst1 (Fig. 2) . Thus, inhibitors targeting the PI3K signaling pathway may display greater efficacy in tumors that have lost the feedback loop between Akt and PHLPP1 such as GBM because PHLPP levels will remain constant despite the inhibition of Akt activity. Therefore, it is important to determine whether the negative effect on PHLPP expression caused by inhibitors of PI3K, mTOR, and Akt negates some of their antitumorigenic effects.
Role in Disease
Increasing evidence supports a crucial role for PHLPP in the onset and progression of various disease states. The best documented role of PHLPP is as a tumor suppressor protein in cancer (29) . Furthermore, several reports suggest that PHLPP not only blocks tumorigenesis by inactivation of oncogenic pathways but also sensitizes cancer cells to chemotherapy (16, 30, 31) .
Loss of PHLPP1 is sufficient to cause prostate tumors in mice, and its genetic deletion or mRNA repression is prevalent in prostate cancer patients (29) . Indeed, PHLPP is deleted as often as the phosphatase and tensin homolog (PTEN; ϳ40%) in metastatic prostate cancers (32) . Of potential clinical relevance, low levels of both PHLPP1 and PTEN transcripts were shown to correlate strongly with relapse in patients after prostate surgery, suggesting that levels of these tumor suppressors could serve as a predictor for disease recurrence after prostectomy (29) . Reductions in PHLPP1 or PHLPP2 mRNA and/or protein levels are associated with a broad spectrum of additional cancers, including chronic lymphocytic leukemia (33), breast carcinomas (34, 35) , GBM (36) , and melanoma (37) among others. Aberrations in PHLPP may be particularly prevalent in GBM, where mutations have been found in human tumors and where higher levels of PHLPP correlate with higher survival rates (38) . PHLPP has also been characterized as a tumor suppressor in colon cancer: immunohistochemical staining of colon tumors revealed 78 and 86% decreases in PHLPP1 and PHLPP2 expression, respectively, compared with normal tissue. Furthermore, stable overexpression of PHLPP in colon cancer cells decreases proliferation and sensitizes cells to growth inhibition induced by PI3K inhibition. Reduced Akt signaling is largely responsible for the inhibition of cell growth observed upon PHLPP overexpression, as a constitutively active and PHLPP-resistant Akt construct (S473E) negates these effects (39) . Importantly, reconstitution of either PHLPP1 or PHLPP2 into colon cancer cells strongly inhibits tumor growth in vivo (39) . Thus, PHLPP is a major tumor suppressor, and mechanisms to enhance its activity provide a potentially promising novel chemotherapeutic approach.
In contrast to the detrimental effect of enhanced Akt activity in promoting tumorigenesis, enhancing Akt activity can be advantageous in disease states such as ischemic heart disease and metabolic disorders. In this regard, PHLPP1 has been shown to be an important regulator of Akt signaling in the heart (40): knockdown or genetic deletion of PHLPP1 enhances Akt activity in cardiac myocytes and, in turn, provides protection against ischemic injury. Thus, acute inhibition of PHLPP1 after cardiac injury may be of therapeutic benefit. Similarly, Akt is a key modulator of insulin signaling. Impaired activation of Akt isozymes, specifically Akt2, reduces glucose transport and ultimately leads to insulin resistance, which is commonly associated with obesity and type 2 diabetes (41, 42) . Indeed, PHLPP1 protein levels are significantly higher in skeletal muscle and adipose tissue from obese human subjects compared with nonobese subjects, correlating with lower Akt (Ser-473) phosphorylation (43) . Consistent with this, PHLPP1 mRNA is enhanced in type 2 diabetic individuals, correlating with decreased hydrophobic motif phosphorylation of Akt2 (43) . Overexpression of PHLPP1 in insulin-responsive cell lines results in a decrease in insulin-induced Akt (Ser-473) phosphorylation, diminished glycogen synthesis, and reduced glucose transport (44) . These reports suggest that increased PHLPP1 expression promotes insulin resistance associated with diabetes and obesity.
In summary, mechanisms that control the amount of PHLPP in the cell are often aberrant in disease. Notably, loss of PHLPP drives proliferative/survival pathways and is frequently associated with cancer, whereas gain of PHLPP drives signal termination and is associated with insulin resistance and obesity. Thus, maintenance of PHLPP levels is essential for cellular homeostasis.
Conclusion
Identified originally as the hydrophobic motif phosphatase for Akt, PHLPP has emerged as a central player in the onset and progression of major diseases because of its control of the balance between cell survival and apoptosis. Noting that there are close to 60,000 phosphorylation sites (PhosphoSitePlus) and fewer than 50 Ser/Thr phosphatases (2), PHLPP is likely to catalyze the dephosphorylation of a plethora of other substrates that await identification. As a result, efforts to identify novel substrates and gain a more complete understanding of the mechanisms governing the activity, localization, and stability of PHLPP are burgeoning research areas likely to provide novel insight into the biological function of this new player in cell signaling. The development of both pharmacological inhibitors and activators of PHLPP or its regulators, particularly if designed to target PHLPP activity at specific protein scaffolds, holds much promise for intervention in the diverse pathophysiologies resulting from aberrant PHLPP signaling.
